This study aimed to assess the value of contrast-enhanced ultrasound (CEUS) in the diagnosis and prognosis of lymphoma based on PET-CT.
Background
Lymphoma is a group of highly heterogeneous diseases, with a number of pathological types, especially for non-Hodgkin's lymphoma (NHL). The incidence of lymphoma is increasing around the word. Studies have proposed that its incidence in developed countries is higher than in developing countries [1] . However, with economic development, increasingly prominent environmental pollution, and population accretion and aging, lymphoma incidence in developing countries is increasing. Lymphoma detection and staging rely on PET-CT by combining structural and functional imaging. However, there are some drawbacks; e.g., the results can only reflect the metabolism of lesions in fixed time and the examination cannot be repeated in a short time because of high cost and adverse effects of radiation. Although increasing PET-CT values indicate that tumor cells grow rapidly and metabolize vigorously, these high values cannot differentiate malignant tumors. Meanwhile, malignant lesions and hyperplastic lymph nodes cannot be differentiated in evaluating the therapeutic effects [2, 3] .
Ultrasound is considered the first choice for detecting superficial lymph nodes. CEUS, an advanced ultrasound technique, is superior to color Doppler in the detection of microvessels and can obviously improve the diagnostic value of traditional and color Doppler ultrasound [4] . However, use of CEUS in the diagnosis and treatment of lymphoma is rather rare. By use of real-time dynamic imaging, enhanced intensity, extent, and pattern of the lymph node can be clearly observed and the time-intensity curve (TIC) can be drawn and analyzed. Therefore, with qualitative and quantitative data, a more comprehensive and objective understanding of the internal structure's characteristics and activated state of lymph nodes can be provided. In this study, we compared CEUS and PET-CT results to evaluate the utility of CEUS in lymphoma.
Material and Methods
From October 2015 to March 2017, 63 patients with a total of 88 superficial lymph nodes were enrolled in our hospital. All lymph nodes underwent CEUS and PET-CT, with ultrasoundguided biopsy or surgery for pathology. Some patients were excluded due for contraindications of contrast agent (under 18 years old or pregnancy) and PET-CT (glucose poorly controlled). This study was approved by the Ethics Committee of our hospital and informed consent was obtained from all patients participating in the study.
CEUS imaging strategy in lymphoma patients
All patients were examined in the cervical, axillary, and inguinal regions by traditional and color Doppler ultrasound techniques.
Suspicious lymph nodes underwent CEUS by 2 ultrasound physicians with at least 5 years of experience and who unware of the patients' histopathology. All ultrasound examinations were obtained on a scanner (GE Logic E8, CT) and a 9L highfrequency linear array transducer before the first cycle of chemotherapy. The characteristics of the nodes of interest were recorded, including diameter, peak velocity, and elastic strain rate. Then, the largest section was selected for CEUS. Contrast/ General preset and a low mechanical index (0.11) were used, recording for approximately 90 s. The second-generation sulfur hexafluoride microbubble contrast SonoVue (Bracco SpA, Milan, Italy), approved for diagnostic imaging in China, was used in the evaluations. All patients provided informed consent for intravenous use of the contrast agent. A 2.4-mL dose of the contrast agent was bolus-injected into a peripheral vein, followed by the injection of 5 ml of physiological saline solution. The lymph nodes were scanned immediately, keeping continuous records and saving the images.
Enhancement intensity was divided into intense, moderate, and weak enhancement (degree of lymph node enhancement higher, equal to, or lower than the surrounding normal tissue, respectively). The extent of node enhancement was homogeneous (global or diffuse enhancement) or heterogeneous (partial filling defect in the lymph nodes). Enhancement pattern was central (microbubble from the edge of the lymph node to the center) or centrifugal (global and diffuse enhancement, or from the hilum of lymph node to the surrounding area). The boundary of enhanced lymph nodes can be divided into clear (circumference of the node more than 50% with a well-defined border) and unclear (blurred border, lobulated and angulate appearance, or circumference of the node less than 50% with a well-defined border).
The fast and remarkable perfusion area of a lymph node was selected as the region of interest (ROI) [5] . The sample frame was circular, with size associated with the node diameter. For each patient, ROI in lesions were assessed 3 times, and the mean ROI value was considered the final value. The results of lymphoma CEUS were analyzed as time-intensity curve (TIC) by the built-in software. Then, the following time and dose parameters were recorded: arrive time (AT) (in seconds), defined as the first point of the curve clearly above the baseline intensity; time to peak (TTP) (in seconds), defined as the time to maximum curve intensity; DT=TTP-AT; base intensity (BI) (in dB), defined as the intensity at arrival time; peak intensity (PI) (in dB), defined as the intensity at peak time; DI=PI-BI; area under the curve (AUC), calculated integral for the timeintensity curve; ascending slope (AS), defined as the maximum wash-in velocity of the contrast medium; and descending slope (DS), defined as the maximum wash-out velocity of the contrast medium. The change of velocity and flow with time after injection of contrast agent was reflected by the above parameters. Time and intensity values were calculated from the fitted curve and not raw-image data.
PET-CT imaging strategy in lymphoma patients 18F-FDG PET-CT scanning was performed in the same week as CEUS before the first cycle of chemotherapy in all enrolled patients. Each patient fasted for 4-6 h before scanning, which was verified by blood glucose levels of 4.5~8.2 ml/l. They were administered intravenous injections of 0.015~0.18 mCi/kg 18 F-FDG and placed in the supine position for 60 min to avoid muscular uptake. Then, PET-CT scanning was performed on a Discovery ST PET-CT scanner (GE Healthcare, CT, USA) from skull base to the upper thigh after micturition. CT and PET imaging data were transmitted to a Workstation device (Xeleris, GE Healthcare, CT, USA), which was used for image display and analysis. PET-CT images were read by 2 radiologists unaware of any clinical or radiological information. The same lymph nodes and ROIs were chosen to calculate the maximum standardized uptake value (SUVmax) and total lesion glycolysis (TLG), with TLG=SUVmean*MTV (mean standardized uptake value, SUVmean; metabolic tumor volume, MTV) [6] . We first automatically sketched an interesting area, which was over 30% of the threshold uptake values by visual analysis, followed by manual sketch of the original site's boundary, combined with the morphological performance from CT imaging. Finally, the volume of each layer was obtained by the area of each layer multiplied by its thickness, and MTV was derived by use of an accumulation algorithm.
Design ideas
Firstly, correlations between CEUS and PET-CT values were analyzed in all enrolled lymph nodes. Then, lymph nodes were divided into early-stage, advanced stage, HL, NHL, B cell lymphoma, T cell lymphoma, aggressive lymphoma, and indolent lymphoma; clinical staging defined I and II as early-stage, and III and IV as advanced stage, and pathological types referred to the World Health Organization classification of tumors of hematopoietic and lymphoid tissues in 2008 [7] .The associations of CEUS parameters for different staging and pathological types with corresponding PET-CT values were explored in different groups.
Statistical analysis
Statistical analyses were performed with SPSS version 19.0 for Windows (SPSS Inc., Chicago, IL). Data are expressed as mean ±SD, and comparisons between CEUS and PET-CT parameters were assessed by Pearson correlation. P<0.05 was considered statistically significant. Correlation coefficient values <0.30 indicated a weak correlation, 0.31-0.80 indicated a moderate correlation, and >0.80 indicated a high correlation.
L1 Results
There were 42 male and 21 female patients, aged from 20 to 74 (median, 50) years. Sixty-four cases had lymph nodes in the neck, 10 in the axillary region and 14 in the inguinal region. Staging distribution revealed 17 early-stage lymphomas and 71 advanced lymphomas. Histopathological results revealed 12 Hodgkin's lymphoma (HL) and 76 non-Hodgkin's lymphoma (NHL), including 40 diffuse large B cell lymphomas (DLBCL), 14 follicular lymphomas (FL), 6 extranodal NK/T cell lymphomas (ENK/TCL), 6 anaplastic large B cell lymphomas (ALBCL), 4 mantle cell lymphomas (MCL), 4 T-lymphoblastic lymphomas (TLL), and 2 precursor T cell lymphomas (PTCL). Node diameters in the longitudinal axis were 2.95±1.20 cm (range 0.7-5.0 cm), the elasticity (E) imaging stiffness ratio of nodes averaged 3.95±0.77 (range 2.3~5.5), and color Doppler flow resistance index (RI) of the nodes averaged 0.60±0.09 (range 0.42~0.75). CEUS and PET-CT data are summarized in Table 1 .
Qualitative results of contrast-enhanced ultrasound
Qualitative specific results of CEUS are summarized in Table 2 . A total of 67/88 (76.1%) nodes had intense enhancement, 17 of 88 (19.3%) had moderate enhancement, and 4 showed weak enhancement. Homogeneous enhancement was documented in 77 of 88 nodes (87.5%) and heterogeneous enhancement in 11 nodes (12.5%). The enhancement pattern of 74 nodes (85.2%) was centrifugal, including 47 with global and diffuse enhancement and 27 with micro-bubbles from the lymph node's hilum to the surrounding area; 14 nodes (15.7%) showed central enhancement. The boundary of 80 (90.9%) enhanced lymph nodes was clear and 8 (9.1%) nodes had unclear boundaries.
Correlation between CEUS and PET-CT parameters
TIC parameters for each ROI were compared with SUVmax and TLG. Moderate positive correlations were observed between DI (r=0.609, p=0.000, r=0.630, p=0.000), AUC (r=0.518, p=0.000, r=0.593, p=0.000), and AS (r=0.456, p=0.000, r=0.532, p=0.000) and SUVmax and TLG. AT, TTP, and DT were lowmoderately negatively related to SUVmax (r=-0.239, P=0.025, r=-0.272, P=0.010, r=-0.284, P=0.007) and TLG (r=-0.377, P=0.000, r=-0.391, P=0.000, r=-0.320, p=0.002). For the different pathological types and clinical stages, the general and specific correlations between CEUS and PET-CT are summarized in Tables 3 and 4 . The manifestations of enlarged lymph nodes in the same patient are shown in Figures 1-3 in the tumor. This technology has many advantages, including low cost, safety, and repeatability in a short time, and can provide more information on perfusion for evaluating the physiopathological characteristic of lymph nodes by real-time dynamic imaging of microcirculation blood flow perfusion [8, 9] . Its use in blood vessels, the liver, and the kidneys has reached wide consensus and is generally recognized [10, 11] . However, in lymphadenopathy, CEUS is rarely used, and no universal standard has been agreed on. Currently, CEUS is more popular in lymph node evaluation, and studies showed that its use can improve the ultrasound diagnostic level, with sensitivity and specificity of 84~98% and 54.5~92%, respectively, and a diagnostic accuracy of 76.3~92.8% [12] [13] [14] [15] [16] .
There has been no published report comparing CEUS and PET-CT in qualitative analysis, because CEUS is a real-time dynamic imaging process and PET-CT is a fixed-time scanning method. Dynamic imaging can provide much more information for lymph node evaluation. Most lymph nodes show hilar vascularity. The explanation offered for such a pattern is that malignant cells originate in lymph nodes and grow in a centrifugal pattern [17] . Xianshui et al. [18] reported that the blood supply pattern in lymphoma is correlated to the level of malignancy. In low-grade lymphoma the blood flow is eccentric or altered with or without radial branching in lymph nodes, while in high-grade lymphoma the blood flow is subcapsular, hybrid-meshed, or multicenter hilar. These blood flow Table 4 . Relationship between contrast-enhanced US parameters and PET/CT values in patients with different types of lymphoma.
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characteristics can be detected easily and sensitively by CEUS. The 88 lymph nodes assessed here showed central enhancement (14 nodes) or centrifugal enhancement (74 nodes, including 47 global/diffuse and 27 hilar enhancement, respectively). The global and diffuse enhancement patterns found in the present study are typical of lymphoma, as reported by Rubaltelli et al. [12] in the following terms: diffuse enhancement of snowy dotted pattern in the beginning, with these bright spots merging to form homogeneous enhancement. This phenomenon is caused by the high hyperplasia of blood vessels. Micro-bubbles can perfuse and spread rapidly in the whole lymph node, rarely with filling defect; this results in naturally enlarged vessels from the hilum to the periphery, which is typical for the enhancement pattern [19] . Radka Slaisova et al. [16] reported that intense homogeneous enhancement can be visualized in 53 of 60 (88.3%) nodes. The present study visualized intense enhancement in 67 of 88 (79.8%), and homogeneous enhancement in 77 of 88 (87.5%). According to Yu et al. [14] , the typical enhancement pattern for T cell lymphoma is homogeneous but is filling defect for B cell type. In the present study, all 11 heterogeneous enhancement nodes were B cell lymphoma (8 DLBCL, 2 ALBCL, and 1 FL). However, B cell lymphoma still mainly showed homogeneous enhancement 76.6% (49/64). Although showing different intensities, NHL of T cell source and HL all showed homogeneous enhancement in the present study. 
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CEUS' TIC can assess spatial and temporal variations in the tumor microcirculation. Some parameters (DI and AUC) are more correlated with the local blood volume of the indicated region (mL) while others reflect more blood flow (TTP and DT) parameters. The potential application of CEUS in lymphoma can be intuitionally reflected by the conclusion from associations of these parameters and PET-CT values. Previous data suggest strong associations of intratumoral microvessel density (MVD) and CEUS parameters [20] [21] [22] . In the current lymph nodes, DI, AUC, and AS showed positive associations with PET-CT values. Therefore, the richer the capillaries, the faster the filling velocity and the greater the filling dose after contrast agent injection into the blood vessels. Meanwhile, the growth and development of new microvessels is required for solid tumors to expand in size. Therefore, the richer the new blood vessels in lymph nodes, the more vigorous the tumor cell metabolism; PET-CT values increase accordingly. Time parameters such as AT, TTP, and DT were negatively correlated with PET-CT values, suggesting that the more vessels in lymph nodes, the more vigorous the tumor cell metabolism; arrival time and time to peak of contrast agent increase accordingly. The associations of the parameters were generally moderate. Dose parameters of CEUS were moderately related to PET/CT values, while most time parameters had a weak relationship. It may be that the PET/CT value SUVmax and TLG are the dose parameters, so it is more directly comparable to the DI and AUC parameters of the dose-value, while the time parameters can only indirectly reflect the uptake of the lesion to the 18F-FDP.
In the analysis of different pathological types and clinical stages, in HL, the present report demonstrated a significant correlation between AS and SUVmax (r=0.827) and a high correlation between AUC and TLG (r=0.801). A possible explanation is that the HL type is relatively homogenous, while the NHL pathological type is heterogeneous, and the same type may in a phase of different tumor proliferations. Several previous studies have shown the clear diagnostic value of PET-CT in HL and high-grade NHL; however, its use in low-grade NHL remains controversial [23] [24] [25] . HL and aggressive NHL showed a correlation between CEUS and PET-CT, but indolent NHL showed no such correlation. One explanation may be that although indolent lymphoma is well differentiated, it has a normal lymph node blood flow and the metabolic level is low. Regarding the source of T cell lymphoma, there was a strongly positive correlation between DI, AS, and SUVmax (r=0.877, 0.864) and a strongly negative correlation between AT and TLG (r=-0.806), probably due to the small number of pathological types of T cell lymphoma and the highly invasive types of our study. Thus, the biological behavior is more consistent. In the present study there were no associations of CEUS with PET-CT parameters in some pathological types and clinical stages of lymphoma such as the time parameters in early lymphoma and HL, which may be related to the reduced number of cases; e.g., early lymphoma in 17 cases and 12 HL cases. There was no significant correlation between BI and PI and PET/CT parameters in this study, which may be due to differences between individuals in metabolism of contrast agents.
This study had some limitations. Firstly, the sample size was relatively small, especially for lymphoma, which contains various pathological types, and the association of CEUS with PET-CT remains unclear. Secondly, the limited scanning areas during sonography make it impossible for CEUS to detect all lesions simultaneously, which limits use of CEUS in predicting lymphoma in the whole body. In addition, for some special sites such as mediastinal and retro peritoneal lymph node enlargement, the effect of superficial ultrasound is limited.
Conclusions
The utility of PET-CT in the diagnosis and staging of lymphoma is widely recognized [26] . However, this method has inevitable disadvantages, and performing PET-CT with the detection of new suspicious superficial lymph nodes is not the best option. CEUS, as a cost-effective and safe method, is becoming the optimal method for assessing suspicious nodes. Indeed, CEUS provides a detailed initial evaluation of lymph nodes by repeated non-invasive examinations during clinical diagnosis. The real-time enhancement process and TIC parameters can provide comprehensive information regarding the activity of lymph nodes for further examination. CEUS is limited in evaluating lymphoma only by the enhancement pattern. Conventional ultrasound, color Doppler ultrasound, and CEUS are supposed to assess the nodes in combination. Lymphoma is generally characterized by multiple enlarged lymph nodes; CEUS examination was performed for the most significance lymph node, with dynamic enhancement and TIC analyzed to provide reliable evidence for defining the tumor properties. In addition, CEUS, with the advantage of capillary detection in the lymphoma, is of potential research value in assessing the chemotherapeutic effects. 
